Prostate cancer development is associated with hyperactive androgen signaling. However, the molecular link between androgen receptor (AR) function and humoral factors remains elusive. A prostate cancer mouse model was generated by selectively mutating the AR threonine 877 into alanine in prostatic epithelial cells through Cre-ER T2
) developed hypertrophic prostates with responses to both an androgen antagonist and estrogen, although no prostatic tumor was seen. In prostate cancer model transgenic mice, the onset of prostatic tumorigenesis as well as tumor growth was significantly potentiated by introduction of the AR T877A mutation into the prostate. Genetic screening of mice identified Wnt-5a as an activator. Enhanced Wnt-5a expression was detected in the malignant prostate tumors of patients, whereas in benign prostatic hyperplasia such aberrant up-regulation was not obvious. These findings suggest that a noncanonical Wnt signal stimulates development of prostatic tumors with AR hyperfunction.
antiandrogen | hormone-refractory state | TRAMP T he androgen receptor (AR) is pivotal in prostate cancer development (1, 2) , because either androgen depletion (3, 4) or androgen antagonism (5, 6 ) is clinically successful in attenuating prostate cancer growth in its initial stages. However, most patients treated with antiandrogen therapies eventually transition into a "hormone-refractory" state (2, 7), which is usually aggressive and frequently lethal. Up-regulation of AR target genes also occurs during the transitional stage (2, 7) . Rising serum levels of prostatespecific antigen (PSA) accompany the development of the hormone-refractory state (8) . Thus, enhancement of AR-mediated androgen signaling appears to portend the onset of tumor progression, although its molecular basis remains largely elusive.
AR is a member of the nuclear steroid receptor gene superfamily, and acts as a hormone-dependent transcription factor (9) . Activation of AR by ligand binding transcriptionally controls expression of the target genes (10, 11) . Like the other members, AR is functionally and structurally divided into five domains, A-E. The most conserved, the C domain, in the middle of the receptor protein encodes the DNA binding domain, whereas the Cterminal E domain encompasses the hormone/ligand binding domain (LBD) . The N-terminal A/B domains and the LBD bear the transactivation function, and dock transcriptional coregulators or coregulator complexes for ligand-dependent transcriptional regulation (12) . As tumors transition, they generate AR mutations leading to altered responses to steroid hormones and synthetic ligands, including resistance to androgen antagonists (13, 14) . Most point mutations found in prostatic tumors of hormone-refractory patients have been mapped in the AR LBD (15, 16) . As the hydrophobic pocket in the LBD specifically recognizes and captures androgens and AR ligands, the mutated amino acid residues in the LBD, particularly in the motifs constituting the pocket, are presumed to impair specificity in hormone/ligand recognition. Indeed, in in vitro cell cultures, such human (h)AR point mutants display acquired responsiveness to other steroid hormones and androgen antagonists (17, 18) . The point mutation threonine 877 to alanine (T877A) in the LBD is one of the most common mutations in prostate tumors (15, 16) . Significantly, the hAR point mutants found in hormonerefractory patients appear hyperactive in terms of transactivation, because the mutants are hypersensitive to endogenous nonandrogenic steroid hormones as well as to clinically used AR synthetic antagonists. In addition to the aberrant hyperfunction of the AR mutants, cellular signals from the tumor cells and surrounding nontumor cells also contribute to prostate tumor progression (19) . Growth factors secreted by the stroma and prostate epithelium act in concert with signaling through the activated AR to stimulate prostate cancer cell growth in vitro (20) . However, in animal models, the roles of these humoral factors remain to be investigated. Several mouse prostate cancer models have been established (21) , and spontaneous prostatic tumorigenesis is seen in one of the transgenic murine prostate cancer model (TRAMP) lines expressing a T-antigen gene (22) . However, androgen dependency in prostatic tumor development and onset could not be recapitulated in such mouse models (21) .
To determine whether aberrantly potentiated AR signaling stimulates prostate cancer growth in vivo, we have generated an experimental prostate cancer model in mice by selectively mutating AR T877 to A in prostatic epithelial cells of adult mice, through Cre-ER T2 -mediated spatiotemporally controlled targeted somatic mutagenesis (23) . Such AR point mutant mice (AR pe-T877A/Y ) exhibited hypertrophic prostates but failed to develop prostate tumors. In orchidectomized AR mutants, hydroxyflutamide (HF), a clinically used androgen antagonist, stimulated prostate growth. By introducing the T877A mutation into epithelial cells of the prostate of adult TRAMP transgenic mice, the onset of tumor formation was shortened and tumor growth was stimulated. Ge-netic screening of tumor growth factors in these mice led to the identification of a noncanonical Wnt ligand (Wnt-5a) that accelerated tumor growth. Importantly, enhanced Wnt-5a expression was also present in tumor cells of prostate cancer patients but not in prostatic cells from patients with benign prostatic hyperplasia. These findings demonstrate that the genetic mutation T877A in the AR promotes prostatic tumor growth by stimulating a noncanonical Wnt signaling pathway.
Results
Introduction of the Human T877A AR Mutation into the Mouse AR Gene Locus. To create conditional mutants (T877A) located in the AR LBD, we replaced the mouse genomic DNA segment encompassing AR exons 6-8 with a DNA segment containing the corresponding human coding sequence flanked by three loxP sites, followed by a similar DNA segment encoding the T877A mutation (Fig. 1A) . The knocked-in and floxed (L2) mouse line (AR flox/Y ) (24, 25) , in which the Neo cassette was deleted by Cre-mediated excision in embryonic stem cells, had no overt abnormalities and grew normally (Fig. S1A) . The prostate was phenotypically normal, showing considerable budding and differentiation into columnar glandular epithelium. The size of the prostate, however, was smaller than that of the wild-type mouse at 10 wk of age ( Fig. S1 C and D) . When evaluated at 20 wk, the growth of the ventral prostate (VP) was delayed in comparison with the anterior (AP) and dorsal (DP) prostates and the seminal vesicle (SV). AR flox/Y males were fertile but their reproductive activity was reduced. However, the smaller prostates were structurally intact. Because growth of the prostate is dependent on AR-mediated androgen signaling (24) (25) (26) , it is likely that the prostatic phenotype of the AR flox/Y results from hypofunction of the AR protein. The AR flox/Y showed normal levels of AR mRNA but reduced AR protein levels ( Fig. S2 C and D) . Therefore, the genetic manipulation may have affected stabilization of the AR protein. Serum testosterone levels were up-regulated, owing to decreased negative feedback on androgen biosynthesis (Fig. S1B) . Thus, although androgen signaling in AR flox/Y mice appears reduced but not significantly impaired, we concluded that this floxed mouse line was appropriate for further study.
Selective Introduction of the T877A AR Mutation into Prostatic Epithelial Cells of Adult Mice. We then used the KLKB1-Cre-ER T2 mouse line (23) and a T877A mouse line to generate a prostatic epithelium-specific, T877A knock-in. First, prostate-specific excision by Cre was confirmed using a tester mouse line in which the β-galactosidase gene was induced by Cre-mediated excision (27) . Cre enzymatic activity (the Cre-ER T2 system) requires activation of an estrogen receptor point mutant which is sensitive only to an ERα partial agonist, tamoxifen (TAM), but not to endogenous estrogens (23) . Following treatment with TAM for 5 d, clear staining of β-galactosidase was seen in the prostates (Fig. S2A) but not in the other tissues tested. We then crossed the AR flox/Y mice with the KLKB1-Cre-ER T2 mice to replace protein expression of the wild-type hAR LBD by the point-mutated (T877A) hAR LBD through Cremediated excision of the loxP sites (Fig. 1A) , generating a KLKB1-Cre-ER . From these observations, we concluded that the Cre-ER T2 system was successful in selectively and inductively expressing the AR T877A mutant in the mouse prostate. analysis of the AR pe-T877A/Y mice at 52 wk ( Fig. 1 C and D) or later. Because endogenous testosterone levels were significantly upregulated (Fig. S1B) , the mice were castrated (24, 27) . Prostate development in castrated AR pe-T877A/Y mice was severely retarded at 24 wk of age. VP ( Fig. 2 A and B) and total prostate (TP) ( Fig.  2A) were restored by 5α-dihydrotestosterone (DHT) treatment for 3 wk. This DHT response was seen in both castrated AR flox/Y and AR pe-T877A/Y mice. These observations suggested that prostatic development of these lines was dependent on endogenous androgen. However, the T877A point mutation was not potent enough to trigger tumorigenesis. ) exhibited an earlier onset of prostate tumor growth than did the TRAMP-AR flox/Y mice ( Fig. 3 A and C) . The rapid growth of the prostate tumor led to the death of all of the TRAMP-AR pe-T877A/Y mice at around 36 wk of age. In contrast, TRAMP-AR flox/Y mice survived past 48 wk (Fig. 3A) . Consistently, the expression levels of several known AR target genes (Probasin, PSP94, Fkbp51, Stk37) (29-31) were higher in prostate tumors from TRAMP-AR pe-T877A/Y than those of TRAMP-AR flox/Y (Fig.  3D) . However, no remarkable alteration in the expression levels of the tumor-related genes was detected (Fig. S3) . Histologically, the prostate tumor phenotype of TRAMP-AR pe-T877A/Y mice at 19 wk was indistinguishable from that of TRAMP-AR flox/Y mice (Fig. 3B ). To test whether both the early onset and the rapid growth of the prostatic tumors in TRAMP-AR pe-T877A/Y were tumor-autonomous and/or androgen-dependent, we transplanted the tumors into the ventral prostate lobe of nude mice (Fig. S4A) . The prostatic tumors continued to grow. At 8 wk posttransplantation, the tumors derived from TRAMP-AR pe-T877A/Y mice were three times larger than those from TRAMP-AR flox/Y mice (Fig. S4 B-D) . When these mice were castrated, such tumor growth was more attenuated from TRAMP-AR flox/Y mice than from TRAMP-AR pe-T877A/Y mice ( Fig. S5 A and  B) , suggesting that tumor growth is dependent on activated AR function. From these findings, we presumed that the tumor progression in TRAMP-AR pe-T877A/Y mice can be attributed to AR hyperfunction induced by endogenous hormones. Moreover, we assumed that a certain factor(s) expressed in the prostate potentiated the growth of prostate tumors harboring the T877A mutation.
Noncanonical Wnt Ligand Acts as an Activator in Experimental
Prostate Cancer. We reasoned that the function of the AR mutant in tumor growth was potentiated by cross-talk with prostatic growth factors and/or cytokine signaling pathways. Several major candidate factors (Fgf10, Stat3, Tab2, Wnt-5a), already documented to modulate prostate growth in vivo and in vitro, were examined by crossing the TRAMP; KLKB1-Cre-ER
T2
; AR flox/Y mouse line with lines deficient in the candidate factors (32) (33) (34) (35) (36) (37) . The offspring at 16 wk of age were then treated with TAM to introduce the AR T877A mutation. Of the factors tested, haploinsufficiency of Wnt-5a (33) remarkably aborted the early onset and early lethality of the prostate tumors in TRAMP-AR pe-T877A/Y mice, and conferred prostatic growth similar to that observed in the TRAMP-AR flox/Y control line (Fig. 4A) . Thus, Wnt-5a appeared to be an activator of AR-mediated prostate cancer growth. Wnt-5a is a ligand involved in the noncanonical Wnt signaling pathway that also coregulates the transactivation function of PPARγ (33) . During studies of Wnt-5a action associating with AR hyperfunction, LNCaP cells were found to endogenously express Wnt-5a ( Fig. 4B and Fig. S6 ). When Wnt-5a was knocked down (Fig. 4B and Fig. S6 ), transactivation function of liganded AR was clearly lowered (Fig. 4C) . Consistently, androgen-dependent proliferation of LNCaP cells was attenuated by this Wnt-5a knockdown ( Fig. 4D and Fig. S7 ).
Aberrant Wnt-5a Expression in Human Prostate Tumors. To address the impact of Wnt-5a on human prostate cancer, we examined the expression of Wnt-5a in human prostates. In benign prostatic hyperplasia, Wnt-5a expression levels were normal by immunohistochemical analysis (Fig. 5B) . In contrast, malignant prostate tumors (Dataset S1) demonstrated aberrantly up-regulated Wnt5a expression compared with that in the surrounding normal tissues ( Fig. 5 A and B) . Stromal-epithelial interactions and the bioactive factors produced by these interactions have proven to be important in cancer progression (19, 20) . Here we examined whether Wnt-5a in carcinoma cells is acting in an autocrine fashion or in a paracrine fashion. By an immunofluorescence analysis, expressions of Wnt-5a and AR proteins were seen in both carcinoma and stromal cell types (Fig. 5C) . However, colocalized expression of these two factors was predominantly detected in the carcinoma cells (Fig. 5C) . Thus, it is likely that the Wnt-5a effect in carcinoma cells occurs primarily in an autocrine fashion. These findings suggest that Wnt-5a can serve as an activator of AR-mediated androgen signaling for prostate growth under certain pathological conditions in the human prostate, as seen in mice.
Discussion
Mouse models of prostate cancer have been developed to improve understanding of the molecular basis of prostate carcinogenesis and explore treatment regimens for prostate cancer patients (21) . Some model limitations are inherent because prostatic structure and major areas/cells of tumors are not identical in human patients and mouse models. Nonetheless, the impact of oncogenic and antioncogenic genes in prostatic tumors has been tested by mouse genetic approaches (21) . Among such candidate factors AR is of prime interest, because it is involved in all stages of prostate cancer (16, 38) . Androgen actions are indispensable for prostate development and function, and appear stimulatory for tumorigenesis, evidently acting through AR. Moreover, AR is considered a key factor in prostate cancer even after transition to the androgen-independent state (16, 38) . Whatever the function of AR in androgen-dependent and -independent prostate cancer, mouse models to assess AR function have been unavailable owing to the innate roles of AR in prostate development (24, 25) . To avoid this difficulty, we have introduced a modified Cre-loxP system to selectively introduce a point mutation into the AR LBD in the prostates of adult mice (AR pe-T877A/Y mice). This mutation (T877A) is often seen in prostatic tumors of androgenindependent patients (17, 18) .
Neoplasia was undetectable in the prostates of the AR pe-T877/Y mice even after 1 y, indicating that a single mutation rendering AR hyperactive is not sufficient to trigger prostatic tumorigenesis. The onset of prostatic tumors bearing hyperfunctioning AR thus appears to require at least one additional factor in mice, as already predicted in the literature (21, 28) . In our initial pilot experiment, we sought to compare the impact of the T877A mutation on prostate tumorigenesis between Pten +/− (generously provided by A. Suzuki, Kyushu University, Fukuoka, Japan) and TRAMP mouse model lines, and found no significant differences in tumor incidence and progression in the Pten +/− genetic background at 30 wk of age. In contrast, crossing the AR pe-T877/Y line with the TRAMP line consistently enhanced tumor development in TRAMP mice and, more importantly, androgen dependency became evident. Thus, the TRAMP-AR pe-T877/Y line constitutes a unique mouse model of androgen-dependent prostate cancer, and will be useful for exploration of the molecular basis underlying the transition from androgen dependency to the refractory state.
TRAMP-AR pe-T877A/Y mice demonstrated that the T877A mutation significantly shortened the onset of tumor development and accelerated tumor growth. The average lifespan of the TRAMP-AR flox/Y line was greater than 48 wk, whereas that of TRAMP-AR pe-T877A/Y mice was less than 36 wk. TRAMP-AR pe-T877A/Y mice succumbed to tumors that were equivalent in size to their total body weight. Furthermore, the transplanted prostate tumors from the TRAMP-AR pe-T877A/Y mice grew three times as fast as the control line in nude mice. These findings suggest that a prostatic factor potentiates the effect of the AR hyperfunction that drives prostate tumor progression.
Using a microarray analysis and quantitative PCR validation (39) of TRAMP-AR pe-T877A/Y mice, we observed the expected alterations in tumor genes such as TERT and Cdk2 (40, 41) and the tumor suppressor genes NKX3.1, ATBF1, and p21 (42, 43) (Fig. S3) . However, in this analysis, we were unable to identify new candidate genes accounting for tumor growth at this stage. Therefore, we opted for a genetic screening strategy that crossed mice deficient in regulators of cell proliferation. Wnt-5a was identified as an activator of early onset and rapid growth of prostate tumors in TRAMP-AR pe-T877A/Y mice. We also found aberrantly up-regulated expression of Wnt-5a in human prostate tumors. Wnt-5a is a noncanonical Wnt ligand involved in cell proliferation and differentiation, particularly during embryonic development (34, 44, 45) .
It is conceivable that ectopic Wnt-5a expression potentiates cancer cell proliferation (46, 47) , because Wnt-5a protein is aberrantly up-regulated in tumors compared with the normal tissues of prostate cancer patients. In accordance with this observation, Wnt-5a was able to coregulate the transactivation function of T877A-mutated AR in a transient expression assay and promote proliferation of LNCaP cells. Together with the finding of limited colocalization of Wnt-5a with AR in carcinoma cells, it is likely that Wnt-5a potentiates AR-mediated androgen signaling, presumably via an autocrine fashion in the carcinoma cells, thereby promoting tumorigenesis. It could also be postulated that Wnt-5a expression is actually induced by an upstream factor, particularly at an initial stage and at the transition to the hormone-refractory state. These upstream factors might be particularly significant in prostate tumor progression. In this respect, the identification of factors subsequently activating the noncanonical Wnt signaling pathway is an important early step in understanding the molecular basis of prostate cancer progression.
Materials and Methods
Generation of the Mouse Model. The genomic AR DNA fragment was isolated from a TT2 embryonic stem (ES) cell genomic library. The targeting vector was created by inserting human cDNA of wild-type AR exons 6-8 with two loxP sites and human cDNA of AR T877A exons 6-8 together with a positive Neo selective marker (Neo r ) (Fig. 1A) . A thymidine kinase gene (HSV-tk)
cassette was attached to the 5′ end of the targeting vector for negative selection. The targeted TT2 ES clones were selected after positive-negative selection with Southern analysis, and then aggregated with single eight-cell embryos from CD-1 mice (32, 48 to introduce the AR T877A mutation selectively into epithelial cells of fully differentiated prostates of adult mice (23) . Tamoxifen administration [daily injection (1 mg/d) for 5 d] to 6-wk-old mice was performed as described (23 were implanted s.c. in the scapular region behind the neck (27) . After 3 wk, ventral prostates were resected, weighed, and examined. Statistical Analysis. For all graphs, data are represented as means ± SD. Statistical differences were determined using one-way ANOVA or two-way ANOVA followed by post hoc comparison with Fisher's protected least significant difference test or Student's t test. Statistical significance is displayed as *P < 0.05 or **P < 0.01.
